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Edaatas for the critical 548 and dimem~ion~ of homogsnouu &i.xLurrt~~ 

of both 49 and 25 in vsriaus modarclting media were required early in 1943. 

This necwmlty arose frcxa the pmductiun of apprmciabla amounts of active , 
material In solution at spjnwatfon plmt8. Sarly astinmtes of these qua&i- 

tfaa were apadt by several people, 0) (2) 

m---- 
J.. R. OppanheiaPar and R. Serbar, bpublished. 

HI I?. Christy and Jofrn Ai Wheeler, CM@O. 

In August 1943 it was decided to MAcJ the m ccJ.led water bourr" at 

site Y. The 'Water boilarn is a hbsrogenaous chain reacting pile udng an 

emdched wanyl solution in uatar, The puryoee of this instrument wea to 

guns of actioe matervial were amllable. The lack of large amamts of D4bta3Gl 

aecezdtated the tme of a Lou mutron remtim, snci the uua of the best; poaaiblti 

taapar or refloator. 

A value of 10 kWatta uau arbitrarily chosen as a north uMle opmting 
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(2) posaibla diffictities of keeping the ur~iu coqmtmd~ in 

aolutiorr 

(3) decontamin&ion of the solution by aeparip’tlng out fl~aion 

frqiymta 

(4) uncertainty ot gae evollution in approciabla quantities from 

fission fragamnta ami decomposition of the water. 

PhAs for 8 10~ pUar boihr ok lop0 were completeci in November 1943. A 

new building, Qwga, in LOS Alamos canyon uais to house the water boiler. It8 

remote location elira4neted any possible hazard to the mat of the technical 

area. Assembly of sphere and tamper were be&an in Narch and the boiler went . 
critical as tmon as sWficient material was avtrilable, naaaaly in by 1944 with 

565 grama of $35. 
, 

Due to the successful operation and acperisncs gained from lopo it rreemed 

desircrble to ccmtmct a high pouer un3t to be uswi ar, a utrong neutron source 

for v~r~oua experiments. A power of 1 kiluwtt uaa chosen aa a suitable voluo 

to give a flux of about 5 x lOlo with a minAmum of ooolirtg ruphwmnts. The 

original 10 kilowatt high power de8ip wm modified conaidsrirblJI, Essential 

derrign featurea were ccmpleted in October and concrete foudat5mu am3 shield 

begUn. cdticd conditions were reached in Dacarnber 1944 with’Ei(M grm8 of 

U 235 0 

The operation of the boiler was completely successful until a precipitate 

foramd and a drop in raactlvity accursed on July 7, 1945*after 1100 kilowatt 

hours uf operation. Sorme minor dsaigrr changes were made along with mdataining 

the aolution at a higher acid concentration, md the boiler. &as pit in operation 

agofn. It ha8 MU (July 19&b) FIUI m additional 2600 kilowatt hour8 without * 

further trouble. . 
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4.2 xm POWER Bcxum (LoPo)(3) 

C. P. Baker, F. L. Bentzen, 3. Bridge,2L l!i. Carter, H. Daghlian, H. Harmed 
3. Hi&on, F. de Hoffman, M. G. HolJmay, D. W. Kerst, L. D. P. King, H. M. 
Lehr, J. H. MIdnay, R. E. Schrsiber, J. 'II. Starner, LA-l~&.'%tw BoUer" 

4,2-l-n Cons%daratiam 

The prtiry puqmm of the low power boiler n&s to obttin a chain reaction 

with a midmum of material as soon 88 enriched uranium hecu~m available. 

The design features wera therefore apbde accordingly: (1) AmInimum of 

absorbing, material. (2) The best poealbla tamper. (3) Accura.tt control of r+ 

activity. (4) General rrimplicity consistent tith &f&y. 

(1) COITW9iOIl ta8t 3 (4M). uda by the chem3.sts to determine the most 

CL Friedlandsr, P. H. Watkins, Water Boiler, IA 134 (Seotim on oorrodm 
atudlas. ) 

(5) 
L. Helmholtt, J. ~evensrl, P. H. ktkfns, W&w Bdler Chdstry, Los Alan08 
TecMcal Series, Volum VIII, Chepter 7. 

m&able mtarial far holding the active material showed that lw 

stafnles~ &eel -a;3 the best available, Type 347 mm erpecially 

good where welding ms necessary. Welding in an inert atmaphem 

to prevent olddation and pickl.bg before we uere found to be ad- 

vantagsabuh The extremly low corrosion rate found permitted u&g 
e 

Ur~nyl sulphate in water uas chosen for th9 enriched mlutim tid . . 

w 
L. H~lplholtz, 3. Neventel, P. H. l&M&m, Water Boiler Chdrrtq, LOS U-8 
Technical Series, Volume VIII, chp%~ 7. . 

0 
L. Helmholtz, G. Friedlander, Propertie of Ummybtiphate SolutiOm -30 



(2) calculation3(8~ indiwtud that berylliq o~deqmld make the 
. 

(8) . 
L. Helnholtz, J. Mevenzel, P. H. W&tkins, Water Bo%ler~Cheniatry, Los 
ms Technical Serbs, Volume VIII, Chapter 7. 

best neutron rerlector m tamper. The metallurgy c&vision, under 

the direction of Mr. Bafke, developed a method of producing 

3 x 3 x 6 inch bricks of density 2.7. These dimensions were 

chosen for convenience in constructing a pseudo sphere tamper 

3 feet in &meter. The m8thOd US8d inVOhW five Steps: 

(a) Pressing Be0 powder for two hours in a steel die at ~,OGO pounds 

per square inch; 

(b) Sistering at 1250%; 

(c) Shaping by scraping, sawing, chipping, or grindhg; 

(d\ Hot pressing in a gpaohite mold at 700% and 2,000 pounds per 4 l 

square inch for two hours; 

(e) Final shaping and finishing to toler+nce by surface grinding. 

The special shaped bricks were made at Los Alamos while 'host of 

the rectangular bricks were made by the Fansteel CO,* using tht 

(3) In order to zmintafn criticality accurateQ it is necessary (a) 

to cwstruct a c'mtrol rOd nMch could be adjusted to very cloqe 

lilts ad (b) the temnerature or the boiler had to be maintained * 

accurately constant, 

(a) The control rod consisted of a 3& inch long cylinder of 'cadmium 

formed by wrapping- a thin strip around a b&mss: tu?m 314 inch fn 

diameter. Another brass tube is fitted snugly over the outside 

of the axbimi to eUminate my mot&cm of the cadwn. The rod 

mooed in a vertical direction with its end ping from i12 jlachalr 



(A) Lmv Parer Boiler "$3C@H20 + HO = 15 liters 

GrE 6 cubic 
csntiraeter 

dpw gram 
$35 

~235 580 2.47 660.' 955 1.6462 

u= 3378 14.19 12.1* m3 .17X 

S 534 16.66 0 65 4.74 .0082 

0 uo@ 860.4 .0016 0 85 1,832 total 

stainlose llG0 20 
ateel rphere 
and rear&rant 
tube 

Denufty 1.348 cd 39OC 
U235 concentration 14.678 

w- - 36 

* From E. Fermi 

ELaprsat cwmpar , Barns per d scatter 
cubic centimeter 

Qa per cubic c* per cubic 
&tom centtiter centimeter 

,l335 .ooo927 w 

iP .a7 12.1 

B em1749 7=* 

S .w3 0 45 

H l m9 l 31 

0 .%a4 a016 

.000151 --I, 

8.2 .0068l8 .004~ 

l o192 m 
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(c> High Power BoU+r uo#o3f2 My o I$0 - 13.65 liters 

BI 731 52.2 1.75 55.1 0.063 

0 13780 860 .0016 l 8 0.00 

H 1312 1302 l 31 ’ 263 0027 

S-tableau 
steel sphre 
and cdoliag coil 

55 . -100 

- 
Density - 1.615 



beLow the +are center to a someuhat higher posftion above 

the center. The rpotion of the! rc)d was obtained by rotating 

a long &eel screw (pit& .GS inches per thread) with.a 

variable qmed slactric Pcotor thou a clutch. A nut soldered 

tc, the inside brasa tube hula a key which prevents mtation of 

ttw rod itself. A ball bearing! at the and~r~ucas end play 

to 0.2 mil. The po&.ion of the rod ia indicated by a Sslryn 

which is coupled by a 2:l g-r. This givw @ .3CXI inch par 

revolution of the Selqm, The Selsy11 on the control rack had 

a dial with ICO dlvihm each of which represented 1 mil . 

the trod repeated to less than .5 mils. (See Figure 39). 

(b) The reproduction factor *K is very sensitive tu the tempmature 

c) of the solution. Calculations irtrl!cated that a change in 

reactivity of lU'3/Co was tu be expected, At low porrcr of a 

fevu mill.iwatt~ nhlch would give &equte countjng rates the 

temperature genamtion izs neglF@ ble. However, fairly rapid 

fluctuations could be produced by curter&. c~usea. A them+ 

st&ed houoe ~a8 therefore built complstaly enclosing'the 

boiler. The dactronic ~0rrtr01 circuidy) m&fit&n& the 

Developed by L Sanda, Unpubli~had. 

t-perature In the house to .Ol°C or K within 10ms. 

(4) Froathe e8tfarvltsu of the mount of material that muld be re- 

contain sufflcfent Mterial and modeiwator without going t0 Vdrf 

\ 
(10) 

R. Fe Christy, Unpublished I 
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The constants used were c $35 = 600 bamaj V= 2.153 ZJ (age) . 

It ~8s therefore deoided to use a l/32 inoh wall stainless steal 

sphere. The volums of the sphere wu 14.96 liters. he to laak of 

experience with chain reactions it aaemed advisable not to leave 

the solution in a critical geomtry at all tinrss. For this reams 

the solution could be kept in a flat oonfcal pan of poor geornatry 

completely outside of the tamper when experiments olrbm not in pro- 

gress l This neosssitatad CL pipe comfng out of Chtt 1-r Mni~phera* 

for raitdng and lowwing the solution, a tube comhg out of the 

upper hemis@ra to insurq complete filling of ths sphere and a 

Ob8ed compressed air syskexn to raise the solution from the lumr 

P-0 To prevent water vapor from leaving the solution and thrum- 

by changing the conoentration, thick walled rubber ballocmu con- 

taimd in a pressure tank aupplfed the inlet air, light rubber 

balloons took up the air displaced by the solution a~ it filled 

the Sphsre. Eleotriaal aont@o+Ys served to indicate the height of 

the solution in the upper tube. A monomster was used to obsertn 

the rate of r&se of the 8OhtiUIl into th6- sphere and detect any 

air leaks in the olored system. (See Figure6 2 and 3). 

Numerous safety feature8 wra inoluded in the desigz'to prevmt 

aocldental loss of solution or unexpectedly maohing super- 

aritical oonditiom (see Figure 4). 

The rafety rod wap~ automatioally dropped if the neutron level 

ro;be too high or the ~UWW fafled. The a&iv8 m&erirl~U 

dumped into the lower pan if: 

(a) The solution coae too high in the ugqx~ piPa 

(b) A leak developed mywhmw in the sphere (by shorting nylcmaorered 

Wirer wI%pljed arcundthe sphere), 



Iv * 10 
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rod to operate first) 0 

A safety catcher pan yeas placed tandezneath the tamper and sphere 

c&rolled dump valve which drainsd the solution through a~. 

underground pipe into a stainless steel bucket with cadmium 

inserts to discourage any further chainmaction. Tfiis pm+ 

vid& & possible uay of removing the solution fmm the build- 
, 

ing which seemed advisab3.e in the case the solution becaJne too 

radioactive, . 

&.2-2 @roach to Critical. 

Since this uas the first chain reactidn with an enriched material., con-- 

slderable prtcautS.ons‘ were &ken before sppruaching critical, 

. . ..The general procedure eras as fdlcms. Five indepetident detectors p&ace4 . 
. 

*&I diffknt positions were used to det&ne the titiplicaticm of a 2oc) BIG 

Ra B,e.smrce placed at the center of the sphere by mea~.s ok a this&b type * . 

,rees3rzmt tube thru the uppbr pi$e. A zero r-ding, i. e. for no multipli-, 
. . 

cation, uas obtain&d by filling the sphere with &tiUed u&m. The emptr . 

chang8 of come en%rat:ion. . . 



nu furtker char.ge in counting was tietetiebls This usuany required three to 

five fillings of the qahere. The first 11 additioqs l ,?tuined-.&buu* 40 gram 

each of U23s, the next 4 about‘2C grams each @f U235 and the last 3 about 5 

TIE detectors used to deterulfne the mu~tiplicatiora .#tem (1) --&diura foils . . . 

with and without m&km in the tamper three inches. fmm the sphere surface; 

edge of the sphere; (3) An external 3F3 chamber bard ad in a paraffin block 

9 inches x 113 inches covered tith cad.~&~~; (4) A small U235 ember a&& 

s/I.6 inchus O. D. placed %n a reentrant tube about 3 inches from the canter; 

(5) A large U2% chamb er placed. against the sphere in the north part of the 

tamper (this chamber had a8 square centtitters area covered with 2 grams of 

u 38) 2 0 

Table 4.2-2 shows the results obtained with these detectors, The shape 

which the curves of Figure 5 h&e when plotting reciprocal count against mass . 

can be qualitatively understood fairly easily. Thermal detectors placed. inside 

the reacting region should'give an appm&tc straight line and hence the best 

extrapolated estimate of the critic& mass, intercepting tbe abscissa at the 

critical mss, (detectors placed at the center were too near the 200 mc Ra EC 

smrce anri~hencc gave a concave downward ct;rve>. The best position for such . 

a detector is prokbly at the node of the third fia~~~~bc oc the thermal neutron * . 

distribution which has a high peak r;t the SOWC~B. One of the mang&na8t detectors 

was placed apprcximatel~ in this psition titer the strong samct &feet ws 

observed st the centrz; pssition. Detectors place&out&de the reactor sbu2.d 

idtally give cunws concave upward since tAey count both fast zmd slm leskagt, I 

It is apmrent from the trend of aU the CUPVGS ttuzt rather accurate pmdicticns 
. 

of the critfcal mass could be made btfore.actmUy going critical. When the 
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last addition had been made; the contxol rod was pu1led~ou-t.slao;ly mtfl a good 

counting rate '1~8s obtaimd, the driving SOUTCB revved and the b&Ier' rwz itself, 

the neutron level respondkg to the control rod. 

The Is35 . in the sphere at this time wan 574.8 gr-.. Correcting for the rod 

positkm, a missing tamper block due to the presence of 0x10 'of the recording 

chambers 8 and a small reentrant tube gam 565.5 grams of sss a8 the crftiod 

IWSS, This ckmckad original oalc~laticm&~) extmmly well, probably SOmWhSt 

R. F. Christy, Unpublished. 

rortuitousQi. 

The highest p-r at which Lope was run was about 50 milkatti. 

4.2-3 Experiments with Lupo 

(1) Control rod calibratim@) 

C.P. Bar, F.L. Bentzen, J. Bridge, R.E. Carter, H. Oaghlian, H. Hamml, 
J. Hizkm, F. de Eoffman, LG. Holloway, E.W. Kerst, LAP. ?Ifog, Ii.& Lahr, 
3.H. Eiidwa~, LE. Schreiber, J.!F..Starner, "Water Boiler", LA.0134. - 

Whew the critical carditicma w&e initially -ached, the control 

rodwas partww in. Actfvs material wa8 then removed front tb 

sphere by dflution until the control rod mw just out with the 

boiler atill critfoal. Bight mall additibrm of approximately . 

2 grams each of material w0re then made and in eaah case the 

rod positian for critioali~ determined. Figure 6 shows the 

CWW Of the equivalent m&s of 02 35 as 8 function of control 

rod positioa. !I&0 control rod il5 all the way in 8t tera inOh0~. 
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at 2.5 c8ntZm&ers, 2 grw iit 7 c8&3&3wti; 3.@a@ at 19 

(2) Temper&we effect.(13) 

C. P. Baker, F. L. Bentzen, J. Bridge, R. E. wer, Ho Daghlian, H. H-81, 
J. Hinton, F. de Hoffman, M. G. Holloway, D. W. Kerst$ L. D. P. w, HAL 
L&r, 3, H. Midway, R. E. !khreib8r, 3. W. Sk~ner, ?kter Boiler LA-l%. 

Due to the large expwionco%fficbnt of the water solution the 

neutron leakage is strong~ dependent on tenrperatures s&me both 

neutron age and themei diffimion kmgth vary with Wnperatwe. 

This produced quite a change IjsI the ctitical position of the S 

contro1 md. The effect is masured by accumtely determining 

the critical rcxi positions for .va&ms lmqmraturss of the 

80lution. The amrage value found WEIS 275 grams per degree C 

at 39 degree c. !Chis is partu due to the loss of solution 

fmn the sphere due to the thermal qmxsion. Correcting for 

eucpandsion gives 055 grams per degree C. 

(3) Absolute calibration uf the water b&r*in tams of K(u)(ls) 

F. L. 'Bentzen, J. Bridge, F. de Hoffman, D. IV. K~cz&~'L. D. P. K-,-G. 
Friedkmder: Critiklity of the Water BoUer snd Dbpersioa of the Neutron 
Emission per @qsion; LM.83. 

. . : . . 
05) 

F. de Aoffrfman, L', D. P. King, G. A. Young: Crfiicality of the Water Boiler 
md Dispersion of the Neutron Daiasion per Fission, LA-183 A. 

ti Ord8r to dehmnine the relation bet%ean giams and the actual 

reprdduction factor K of the boiler a so caUed *won bubbls* 

normal cm&tions and then th8 setting aft* thei i&oduction of 
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8QbtiOn closely, see Tables 4.20lA and 4.2-m, (emi@ of course, 

that no fissions occurred in the mock solution). No chmge in 

criticality could be detected by the insertion or radial motion 

of the mmll volme when filled with the boiler solution. The 

bubble consisked of a thin walled lucite sphere supported on a 

lucite rod. The experimental results when the bubble with the 

mcxk sohtion is moved radially, is &Olin in Figure Te The 

conversion from control rod setting to grams is read fran Figure 

6, If AM is the effective grw of U235 for any r&i&I. position 

is the equivalent of distributing the mock solution in the bubble 

uniformly throughout the sphere. The .final value 

1.843 graia of U23.5-.A 7.5 per cent correction for 

ences in absorptikxz between the mock solution zmd 

solution was applied to get this result. For the 

for A M was 

slight differ- 

the act&d 

mock solution 

. 
%/cc = 2.769 cm2 and Oa/cc = .0965 CA 

for the normal solution 

c8/cc = 2.734 cm2 ad G/cc = .0897 CD? 

For this case 4 effective cross eection of boron compared to 

that of V235 was determined assu&ng the higher mergy spec$rtm 

to bethatof prehydrogen. T'his asswytion is reasonable due : 
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to the large hydrogen conb3nG irrr the boiler sohtfon. The 

effective boron cross section was hand to be 2.5 per cent 

higher than the thermal value. . 
* If ala were,distributed uniformly throughout the sphere AK 

would be very nearly propcmtiond. to b!. Since the actual 

localized voh~m AM used was quite SUE& it is reasonable to 

assume that thi8 proportionality is true. 

and AK=l-K= A = Vbubble =l .17 = 1.01 x 10" 
V V sphere +- 5 x 103 

since Tit = l&3 grams of U235 and AK = 1.01 x lo-3 for ' . ' 

this E one dbtains as the equivalence behmen reactivity a& 

c 
This value che'kks, no dcarbt fortuitously, uithb a percent the I 

theoretical value WI made prior to the above rest&t. (;in 0zTC& . . 

(16) 
F. de Hoffman, L. D. P. King, G. A. Yang: Criticality of the Water Boiler 
and Dispersion of the Xmtron Emission per Fission, LA-183 A. 

- - - _~- _ _. - 

in the original detemination (l?) has been corrected b(u) after 
+ -- 
(17) 

. 
F* L. Bentzen, Jo Bridge, F. de Hoffman, B. IT. Kerst, L. D.P. King, G. 
Friedlancier: Criticd.ity of the IOater biler and Dispersion of the lbutmn 
Ebhsion pr Fission, U-183. 

(18) 
F. de Hbffn;;in, L. D. P. Khg, G. A. Yang: C~thd.ity of the mter Boihr 
and Dispersion of the Neutron Emission per Pissfon, u-u3 A. 

the calculatioa (19) MS mdee) 

(19) 
m 

E. Fermi, J. Hinton: Dependence of &activity of mter &fier i.n the Mass 
of U235 in the Sphere, U-470. 



The calculations were made by determining the negative source , 

(using the diffusion equations for sphere and tamper) necessary 

to keep the bofler ru.~x~ing at a constant value when x grates of 

U235 are added. The fission distribution w&e a&zMd the stie 

as the experimentally measured thermal neutron distribution. The ' 

effectiveness of a fission source at different points in the 

sphere was appr aim&ted by using a Ra Be smrce curve. 

The eqdvalence of grams of U235 and reactivity can.be estimated 

quite we31 from the cross sections of the mlution components 

and my absorbing materials such as the stainless steel sphere 

or control rod. From Table 4.2-l A 

2 of &67$ uranyl sulphate 8ohltion = 2*z x 99 1.8873 
954.9 x 162.9 + 4.74= 

K@== a,(I?3s)x~(l?35)tic($35) = 1.832 x 572 x1.8873 
c(v235, H,O -t Steel) 

- l&l6 where 5'72 1.832 x 572 + (282 + 36t6) - is critical . . . L a#8 (@35 

L=leakage= 1 imc 
in sphma) 

K f M(u~35)xa/,ma235x L, M x 2.39842 

M(U235)x C/gm(U235) +(a"20 + 6 steel + dreentrant tube) = 1.832 x M + 324 

and 

& = @b/c~R/gm U235 

For the boron bubble experiment the reentrant tube was out (6.2 

grams lP5 equivalent) and the control rod set at 7.15 inch& 

(9 grams U235 equivalent). The estimated absorption for the r@ 

is 195 square centimeteks, (the effective surface ama of the. 

cadmiw~ cylinder is used to get this value), that for the re- . 

entrant tube 6 square cenlAmter8, or total square centimeters 
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equal 318 + X95-& = 507 

Tern IL = bc x 2.?06l?i7 
n3mTm l 

and&c= 556/C(R/gm U=5 

This value &e&m the berm bubble experiment mC independent 

0almlation(20) merrticmed above* See also general Ciacuaaicm 

(20) 
-C-w.-. 

E. Femi, 2. Eintun: Dependence of Reactivfty of the Y?at;ar Boiler cm tb 
Ikrw3 of IP5 in the Sphere, L&470. 

(4) Supercrftical Eehmior of th Water Boiler. 

v-3 
P-.-N. - 

1 
C.P. Baker, F.'L. Bentzen, J. Bridge, R..k Carter, H. Daghlian, B. Hammel, 
J. Hia'ioc, F. de Hoffman, LG. Holloway, D. W. Kerst, LA P. King, H. ,X. 
Lshr. J.3. zeidway, &EL Schreiber, J.X. ~tXU"R8r‘="~at%r Boiler", U-134. 

-- 

In order to determine the supercritical behavior of lope, perioda 

of the& boiler where measured for various supercritical control 

rod positions. In each mmsursimnt the intensity was &llowe,d to 

rim for at least one period and then the' increae fn camlAg 

rata follawed for one or more order of magnitude, This prouedure 

gave straight line semi-log plots except For the longest periods* 

Hbre tti long limd delayed neutrons kd not yet reached an 

equilibrium oonditioa and the final slope of the plots WM used 

for Uie period determinatioa. Figure 8 shuws the degree of 

criticality in terms & graurss of $35 as de%m&ed from the 

control rod oalibraticm, 

It ww thowht useful to detirmine a relation between reactivity 

and period for the water boiler which might be useful for 'a; . 

higher pmr boiler. This was done by detsmining the constants 
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in equdion (9) belaw with the data av&.ab&qfromthe me&umd 'b ' . . . . 
su~rcriticsl periods, the 33su&s of the boron bubbler e@mriment 

(18.25 = 1 per cent in K) and tl2e knovm delay periods.. 

(This is equation 9 of Chapter 2 of tti8 vole. A coa@bte 

derivation of this reactivity equation is given there.) 

AK = 3 +Eff . q ri 
7 !r+ i 

in the limit 

(9) . 

. 
Taking thq boron bubble result that ~~+$.AcR; = 1 gram U*= axi 

, 

29.2 seconds 3.97 46e3 2176 l 064 n 2.72 
u91 

101 
0 069 

n 1.52 
232 

833 0 m4 tt 
l 78  774 tt 627 s99 0 26 

1352 
131 4101 

tt 0 13 71 ,a96 

The last colum appears to approach 0.1. The 101~ IBlue for 

the longest peri& c;m easily be accounted for by the umer- 

tainty in the detemimtfon df AK for such a smll change. 

Xf one neglects any difference in energy with period for the 

delayed neutrons 7 qizi can be obtained froltz the krtawa 

detiy yeriodso 



TM3 value for r f, the efft?ctive z!mzuber & &$zQy#& nqutzxpas . . . . 

tudes must be 

AKin&R= &AK ~120 
T 

ThfS 8~tiCS3 

oultiplied by .0079 and equation (9) becomes 

(9 1 a. 
slightly mdifieci, since SndPs orginal delay 

periodsr'were iasd firstead of the more recent valzms shown . 

above, ms found to be'uaful and correct when used with the 

Camparing gds of U235.Zmm Figure 8 %ith~Re read frum a 

3004B per gram Of rrz35. Calculating frora‘boiler CX'OS8 

sections for the condition when the supercritical periods 

Ives% measured, Alfimdy MC = 5?7 grtrms U235 and the control mxi 

at 13.24 centim82te~8 

in& z&her crude &Wod which hss been useddn deterslfning the 
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F.L. 38&?m, J. Bridge, F,. de Hoffman, D.Q. Kerst, L. D. P. King, 
G. FrkXLzmder: Criticality of the liEstier Boiler and Dispersion of 
the Neutron Baission per Fission, L&183, U-183~. 

w 
- 

F. de Hoff-, S. D. -sham, G, IV. Weiner: Relative Effectiveness df ' 
Delayed butmns in the Water Boiler, LM+'?l. 

Several experimmts were performed to deter&e the effective 

fraction of delayed neutrons, $f; 21 is +ssmtially the 

effectiveness of the delayed neutrons campsred uith that of 

the prompt ones and f is the fmctfoa of fission nemtmns 

which are delayed. (See Chapter 2 of this V&am.) 

, run the b&ler at some level and then to suddenly introduce 

1’ 
a 

7 

absorbers So as to shut the ndmm intensity 

off as ra$dly as possible. The neutron . 

intensity curve should then look like the 

accompanying sketch. Here, a, is the initial 

intensity and, b, depends 'on the number of 

1 delays 0 Thus a knowledge of b/a shotid give 
tine r* a measwe of ‘d'f. 

Se~erd &tempts were made to detertine a and b.. The use of 

a BF 3 dauber and fast counting techtiques gave inconclusive 

results for b due to the difficulty of extrapolating back to 

to .%he uncertainty Jin the SbQfi delay components uhich have been 

measured to be as short as .4 seconds. ~otherkechnique was 

therefore adopt4 which essentiall.. itlte;rr the delay cm . 

pommt. A piece of absorber iip jerked ti and out of the tamper 
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.at su* a repetition rste ttmt the delays will not have time . 

to decay and there OriU. be B M W - a stady background of delays 

The fast Xl8UtrOIl drop, a-b in the abo'pe sket&, wiU -occur &n 

about 104 ,seconds for the water boiler. If tt\s repetition rata 

of the jerked absorber is too 

mble to follow the absorber 

If the repetition rate of the 

rmx%rotl8 will. not form  an average baCkground. 

. Sketch 2 shows the neutron intensity as a function 

of tL;ape for an s'bm rber jerked repeatedly at a'rate 

SO lihe delayed neutrons show ozily a slight decay. 

From Equation 11 in Ctmpter.2 It can be sham that 

for a repetition rate of the required properties, i. 
time--j . 

Sketch 2 
e.,no log of the boiler and the delay&d netrtrons 

form ing. an average background,,th8 simple redt 

res;activdy and Ki and KO 8se the cc3rresponding -reactivity of 

the boiler as nmasured P m  the static cd positions (Pigurrt % ). 

sad the.absd.ute boiler calibration deWmined in section 4.2-B(3). 

!l!heeXperip?ental arrsngem @  iz3 shcm ninFigU%~~, Crank ve- 

locities of 20, 155, and S& revolutfcms per sxinute were useci. 

trolled the gae cidw.. The posit&na *of the gates were uar%ed 
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fram -90' to +@. Thk -d%he cycle could be obtained 

by using the reciprocal of the ratio (DC) of the counts on . 
scalers 1 and 2 wwsus phase position. Th8 X8SUltS for the 

Tim slowest experimental velocity satisfies approximately the , 
conditions for the equation above and gives a Vabx! Of 

~f=.QO822. 

B more ccmplete analysis of the fission process for the case of 

var$ing multiplication is calcxlated(25) (see also equation 4 

of chapter 2.) 

(25) . 
F. L. Bentzen, J. Bridge, F. de Hoffman, D. IV. Kerst, I,. D. P, King, 
G. Frieader: Criticality of the Water bilb? and Di$mbn of the 
hatbn Ebbsion per Fission, U-183. 

Using 8axh an equation two m&hods for analyzing the experi- 

mental. data were use& (1) Harmonic analysis of the experimentd 

curve using the known relative fractions and periods of the 

delayed neutrons as determined b,v Snell and Nagle and (2) a 

reproduction method where the experimental cpmves are fitted 

by assuming values of $f and Tb until the best fit is ob- 

tained. This latter method can be divided into two cases; 

casts I. uhere the repetition rate is high (Le. the 884 revolu- 

tions per mimte case) for u&&h wT*d >>I and caseD. where the 

repetition rate is such that the delay periods can not. be 

considered a constant and nrdw1 (ime. for 20 anb 155 fettolutions 

per minute expmimental runs). 

The hmmonic analysis method was used to give approximte values 

tiute caiies which are izmnsitive to To, gave, an avem@ V&H% 
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1  ZxprMntal Poiim 

;E Caloul~?Bd fmn Esciprocals from Exprimntal Points 133'  Ahead 

@  Eeorstical Curve Obtaimd by Ike of Reproduct ion Xethod Case 

UskLg df =  14.75 Gram Equivslsnt and  Using Snell De?apd 

using g  f =  14.7s Graas Zqdvqlent and Iking Basle Delwd 

Neutron Data. 
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op .00855 for v f. !Ph6 @3L revollltions per mite data 

due to th8 large Fikgu3e lag, x0 ctmId be deters&ned wfth _’ 

son0 accwacy, Figure15 dxnvs th8 result of usbg different 

values of 7,. 2!h8 best V&l8i8 To = 135 microseconds and 

(6) Statistical fluctuation23 ia a rater b~il*r(~~)(~) 

(26) * 
R. P,..Feyman, F.. de Huffman, R. Serber: Statistfcd Fhctitions fn the 

cm 
Inter BoLer anti thehispersion of- BTsutrona Rnitted per Fission,&blOl. 

F. d8 Hoffmaim& R. Serber: Fomuh for Water Boibz Fhcixations, IAl-336. 

Short the fluctuations imthe ZieutroxI intensity of th* water 

on a r0cordding meter as soon as the boiler was put in operation 

Fran *km -Ision 33, Chapter 2.5-7; it is seen that ior a mxber 

of ccnants C in a given time, interval the expected fluctuatims 

will. be given by 

0 = l+E 
C 

kher8 U is mean value of number of zmztron8 ri 0d*ted 

emitted per fissicm a 

o( = 

E= 

Y = 

decay cgnstairt for imatronS. 
.- . 

counter-efficiency 

per fibion 
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boiler and has been shown by Feynman to amhnt to. only a‘fem 

, pr aed. A rough estlte fmm distributions and SOUTCB 

effectiveness in the boiler gave 1 per cent comection for 

this geometric effect, 

The left side of the equation would be equal to one ,for a 

Poisson distribution of C. The increase in fluctuations 

observed in the boiler is due to tile no-1 accidental pairs 

of counts'from independent primary Source neutrons augmented 

by 'coupled' pairs of counts which can be traced back to a 

chain of neutrons originating from a single fission. 

It is seen that a large value for the counting efficiency E 

is admhtagews in making the fhctuation term Y brge compared 

to the Poisson't0rm 1. The efficiency of the EFj chamber used 

was 3.69 x lo+ counts per fissi0zL 

exper*imental methods were used to d8temim the fluctuations, 

fast film recording Of a high speed scaling circuft; (2) 

e.mctrical. gate circuit designed 

desired time for a predetermfned tim (283:miUiseconds in this 

to let pulses thmugh at aqr 

aqlifier and scahr. The out.plt of the first scaler unit was 

connected to the :vertiti plates of 8z2 Osci~OSCO~, 8 230 CyC18 

sweep (with several microsecond return) was connected to the 

Other SCOp8 pbt8S. The screen was photogra#ed by film moving 

canthuously at 100 feet per minute. 



shcwt gate wi&hs tznacs~ w~~cessfve'am~t of film had beea . 
used. For this reason th8 dectx%cd method mms‘used to de%- 

mine. the long gate widths. 2200 inditidual gates Rece taken ever 

a period of 12 hours, These were broken down into 76 small. sets 

of from 10 to 50 gates eacfi to avoid any Iarge fluctuations in 

E during any one set. 

The best Vd.l'U8 for xis 4.17 z ' -16 shaving that the fluctuations 

in counts are considerably larger than for a Poisson distribution. 

(7) Neutzvn distribution measure~enks(~~~(~)(~) 

J. Hinton, L. D. f. Kirrg, R. E. Schreiber, J. If. Starrier: .IK&dbution and 
Pcmer Mw3urenents in the Water &il0r, u-152. 

ml 
R.'lL Carter, J. LHinton, L. 0. P. King, R. E. Sclweiber, 3. W. Stamer: 
~t8~T2UQW~~slXWWnts,~-~. 

(30) 
E. Grdhg: GrsphLcal Method of Obtaining &it&Cal bksses of Water Tamped . 
oBater,Boil8rs, LA-493 

The neutron flux forth0 boiler at crithal was m~;i@ as a 

function of radial position 551 the sphwe as well as Sn the 

taanper. Thermal f&axm were deterrJirred by usfng wibrated 

naaganese foils and a small fissLon chaznbe~ tith a knwn amount 

of u*w Fast neutron fluxes were measured with a 

C0n-w a kaoprn 30ouzxt of v238, 

fiSsiOA &amber 



corrosive action of the solution md the need of asmiting. . - . 

reentrant tubes were used tm m&z& the &ifferent size 

id1 thSnblea were made of l/32 imh wall stirinlesa steel tubtig 

except for a special A05 Lnch wall stainl.e~s steel she+tL This 

sheath was designed for tme with the b foils to give s mirjlmupz 

di&ortion to the true distribution. Distortkms: in distribution 

czmsed by the thimbks were absorptWn in the. walls, leakage path *. 

out thm the -per, and diaplacanerit of active solution, An 

additional distortkm is produced by the level indicatkg tube 

corotaidng solution and ,&anding thru the tamper. 

The remits of the & foil (7/G Inch x l$ inch x .006 inch} 3 

l//32 inch wall keyhole shaped tube with a 7fi6 inch I. D. 

circular hole and l/l6 inch s&t (made to acc~~a 8~urce, 

fission char;rber or foils). This does not give the true diskri- 

but&on for the reasons given above. Bombarding tbes varied from: 

three to fiweminutes b the sphere and frcm five to ter, PiSnutes 

in the tarupper with the bdlw running at about 3 mflliwatts. 

Since 15 to 2C seconds FOBS required to insert the foils to the 

bottom pos3.tions of the long 5 dS sheath, the boiLer intensity 

was reduced b$ a factor of s%x with ,the safety rod nhfle the 

!I!he solid line of c~rpe 11 inside the sphere is,the theoretical 

inch sheath. I)istortion~ produced. &re extremtiy srudl due to 
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effect of the level indicsttor tube or the duping pipe was 

eliminated by curving the sheath and muming it at right angle 

against the bottom of the sphere at a'poict aever; inches frcm 

the eraptyiq pipe. Measuremnts were thti matie in the 1-r. 

half of the sphere. The taqer readings were nade in a l/16 inch 

crack between bricks b&h u%th and *without a ,005 Phil sheath. 

The effect of this sheath could not be detectsd.. The ordinates 

of Figure (16) representing the s&mated foil activities A; lava 

been raised by 4.4 per cent and those in the tamper by 1.4 per 

cent for c;;;lctited foil and sheath depressions. The foils 

were calibrated in a standard geometry after the distribution 

clemurezents were made, the absolute neutron density being given 

by J$J48Rif A, is measured ~II units of 64. 

For critical conditions the eqution for the neutron distribution 

of ~II stamped sphere as a function of radius I‘ is of the form 

Sin Kr/r where K = r/R and R is the radius of the untaqmd 

sphere. The distribution in a tamp@ sphere should be &he fame 

8s that in 8 somwhat larger unknped sphere ahost t.0 the taper 

boundary due to- the short diffusion length in the solution. Since 

the sphere part of Curve II is imEstinguishable from the ttworeti- 

czll curve, tke dotted portion giving the critical radius (Rs29.8 

The shape of Curve If (Figure 16) in the tam.r agrees with that. . 

czll curve, tke dotted portion giving the critical radfus (B29.8 

centiaeters) of an untanqed sphere should be quite good. centiaeters) of an untanqed sphere should be quite good. 

The shape of Curve If (Figure 16) in the tam.r agrees with that. . 

calculated calculated (31) (31) for a somewhat smaller sphere, A discontinuity for a somenhat smaller sphere, A discontinuity 

tsl) tsl) 
8. F. Christy, Unpublished. 8. F. Christy, Unpublished. 8 

at the sphere tampper interface is to be expected due to the change . . 

of medium and the absorption by the staiqless steel ua.U.8 of the . 

at the sphere tamper interface is to be expected due to the change . . 
of medium and the absorption by the stainless steel ua3l.s of the . 



sphare l I?w s 1 ight hump in the tamper wa.s ‘. pr.eid:ic&$d’ be cause of 

the arerct ion of thermal. netitrons in tha tamper by the- slowing 

dcm'processo The exparimmtaf cum in tb outem portian is 

to zero at the! edge. This difference along with the large value 

Results obtained with a small u235 ohamber were in good ag~ement 

with the foil ktr after corrections mm applied few ths ptrious 

8ourcus of error de8cr5bed abaoo. The chaxnbur dfmemsicms mm 

S/l6 inoh aluminum ayl.fndar 1 9/16 inch long. (Construotwal . 

details of this chambem md t&e spiral type u235 chamber used 

fox- thrs fast neutron measummsnts am described in VOIW I, 

Ch@8r 2 of this 8WieS) l 

Figure 17 shows the result-a of nmwumnents of the fast neutron8 

with t;b 5236 dxudxm. & 5ndiuatad on the graph, tamper masure- 

hole; tbse wum arbitrarily nomalizad at one point. % differ- 

ence in the two CUZT~S is mobably due to tha distortion produced L 

by the large reertrant tube and the differanoa in tamper thiak- 

ness ia the two directions. 

Distribution mea~uzwmn~ were *also ‘made during the watur-trmpar 

%esth (See nest se&ion), Data we= taken with tb bb foils, 
i 

am shcmm b Figure 18. 
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Tb five ntil sbath was usad for the d&a in th6 tamper while 

the sphere measuremelat~ wem made with a l/32 inah wall rem 

entrant tube l The latter results mm correa%ed by the fastor 

deturmimd Sa the Be0 tamper distrtbution measurementi. A 

ccmsiderabla depression in the thermal aeutron flux is seen 

to exist at the sphere taper boundary' 

The resu'lts of the U235 chamber showed e sfmilar depression at 

the sphere tamper interfroe. Except for this bmmdary dfs- 

torticm the resukts gave a straight line on thd se=ni log plot 

given by e wx cm/so7 0 

Thb SF3 C~~J&HW and ths u238 ohamber gave siailsw res~lti which 

Estimatm of the power of' lope vmre aade using a small U235 

fission chamber and independmtly with calibrated .mn~anasa 

foil8. 

Pomr in watts 5 

countiRg rate of 

lS6SlV 
3xo where I? and 5 refer to U235. The 

tb chm&er depends on the efficiency, flux 
e3r 

Thrb p-r rusults of tb foils for xhich -t/ is taken to be 

2.2 x 105, and those of the ababer agremdrrit3fn 9 per oent of 

each other, 

(8) Taqer ti~tb@~)(~~), 



Experiments mere perforncd to determine the effectiveness of . . 

mrious substances as possible taper materials. 

Two general types of tests were made: 

(a) A single radial cowse of Be0 bricks were replaced by a different 

material of equal voluzne (34) 
l It was not expected that this 

- 
(34) 

-- ._~. 
R. E. Carter, IL G..'HoUoway, IL liL Kerst, R. E. Schreiber: Tamper Tests 
on Water Boiler, LA-105. 

technique would give exact data for complete tampers, but it was 

hoped that relative magnitudes of the effect of each material 

cotid be obtained. The boiler was never far from critical for 

these measurements and hence quite sensitive to small changes in 

tamper. The results of them tests can be subdivided fnto tao 

groups (a) the total neutron effect, (b) the epithmnal neutron 

effect obtained by enclosing the bricks entirely in 30 mil cad&m 

before placing them in the tamper. Two liquids and powdered pitic 

were measwsd in an &&mm container; the sink effect of the 

container being corrected for by testing it in the normal Be0 

tamper. 

This general. typ of maswe;nent was done in twcxwayrs, Sample8 

trol rsd to the proper pos$t,ion to maintain the boiler at critical. 

sample3 which had a large effect by themelms or when @aced in 

the Cam= bc?x 1~833 ceasured by detemining th8 xz..ti@ic&ion 

of a R4i Be acxc?ce. The geometry of the boiler and detector was 

identical to that used in the approach to critical moaswenents. 

The sac me of reciprocal count versusmu3s ‘of U235 in the .* 
sphere could tkiarefore be used to obtain the q&valence in grsn;s 

U 235 of the tamper saqh~ being tabtd. 



GraJw of $235 
Total Effect I&ithed (in Cd) 

nzo 
Pb 

HO 
Paraffin 
Air . 
m 
Fe 
WC 

m 

0 
1.52 
1.93 
2.67 
2J4 
50 6 
53 l 

70 

8*0 
u.9 
l2.7 
15:7v 
3.4.8 - 

o 4*5& 

0 

* I)ensity - 4.91 
* Density - 14.8 (solid) 

* Density - 5.56 

TUIJ3 4.2-3 B . 
-____- - - 
Material &aeof Taq~r Critical Mm8 

Qwms 0235 

B&O 
BeO-graphite 

Grsphfte - Be0 

Graphite - tuballoy 
81U49 

Graphite 
H2P - tuballoy slugs 

3 ft. mock qhere 572-m 
2'ft. Beomibe surrounded by 14 573-Z. 
ftaf gxqhitq shell 

- 18" graphite CIA?= surrmmded by 735 - lb 
1 ft. of 3eo~shall 
4 St. cub6 of graphite and 20 740 0.10‘ 
slugs of tu.oy 2p in diameter, . 
2p long pl8Ced l26& from edge - of .sphere 
4. ft. cube graphite ‘760 - lo 
5 ft. ~xiiameter cylindkr, 5 ft. hi&h lum-lm 
with 63 tuUoy disca e- &* * 
rppaced equally ona spherical g'ltr- 
f&e 20 cm. in radilla . 
5 ft. cylinder, 5 ft+ high -0% .' 

* Measured with l3238...clhrar)rrk-b .taqer 
and reentrant keyhole tube * 



effect of the various materials tested.is eq&sst&a~ .A& 

Thh indicates the amount of U235, either positive or negative, 
*\ 

b  which would have to be put in the sphere to mke the boiler 

just critical when the normal'3 inch x 3 inch x I2 inch Be0 

bricks, extending from the sphere to the edge of the tamper, 

are replaced by the sample in question. The tuballoy bricks 

contatied about 220 grams of U235; this was estited to be 

equival,ent to about i+ graras in the sphere itself so presumably 

accounts for the negative &J in the table. 

(b) The second general type of aper tests cmsisted in replacing 

a large portion of, or the entire Be0 tamper (3% The mterials 

(35) 
c4 - c 

R. E. Carter, L. D. P. King, R. E. Schreiber, J. M. Starrier: Tanqxr Tests 
Unpublished. 

tried were pure graphite, a combination of &O and graphite., 

graphite supplemented with tuballoy slugs, water, 8nd #ater 

uith tuballoy slugs, The results are .shoun in Table 4.2~3B. 

The measureaents.were made ti the hops of finding a possible 

tamper for the high power uater boiler with more suitable netxtron 

proprties than the &Q. The objection to thier tamper material 

is the B&f-n) maction in providing a variable driving 8-t 

dependent or, past ruRning history. This is objectionable if 

sensitive critica measurements are to b made. 

In al.1 cases except the &O core gra#dts shell cambtitickz in- 

sufficient U 235 was available to actually go critical,' Th8 

technique used in the approach to critical @aa bherefore US&. 

The &iti.cal ITEMS was estimated by nmasuring the-counting rata 

of various detectors as a function of the RBSS of U235 in the 

sphere when using a 2(jo IIXLR~ BS driving source. This mthud 
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of measureme.rrt becomes more and more uncertaLfn with the length 

of the extrapolation reyuired to reach tbe,,~~~t~~l,con~tion. 

A four foot cube of graphite was first tested .with four approxi- 

mately equal additions of U235 which broughtthe total fm 580 

grains to 663 grams of v2? I. Internal wanese foils were placed 

in the position found to give a li.near reciprocal count versus 

gram3 of $35 plot in the original approach to critical measwe- 
l  

m3nts. 

The data for thk graphite again gave a li.new plot so that the 

extra6&ation (about 90 grams equivalent) gave a reliable critical 

mass of 760 grams for a pure graphite tamper. 

In order to reduce the amount of U235 required with a agraphite 

tamper a suggestion of Ak. Fermi% was tried. Trrentp 2i inch x 

25 inch tuballog cylinders were placed in,a lattice arrangement 

12 centimeters from the sphere. This lattice gave only a gli&t . 

estrited to be about 20 $35 equivalent: Shift- 

ing the slugs to a distance of 8 centiueters from the sphere was 

slightly less effective (14 grams of U235) than at the 12 centi- 

meter distance. Due to the small effect of the slugs no measur8- 

rnents at distances greater than.& the 12 cent3ter distance 

from the sphere were made. 

As a mock up for a bisrmth cure Be0 shell t-r an 18 inch cube 

graphite core backed by 1 foot of Be0 was tried, If the critical 

msa waq suitadle the bismuth shelf weld act'as .a gzimma ray shield 

between the sphere and the %O. This arranganent was better by 

(1) to check theoretical methods developed to calculate neutron 



behavior of water; (2) to determine ssfe ~qmoUntS .oC U235 * ' . . . . 
which could be handled in processing and (3) to see if water 
was a stitable material for a high power boiler. 

The BeOtamper was re@aced by a 5 foot diameter cylindrical 

water tank 5 feet high. This was effectively an infinite tamp- 

er due to the short diffusion length of thtmiml neutrons in 

water. Since only a limited amount of U235 was availabl.e(71~ 

gra;ns at the time) it was expected that criticality would,not 

be re;iched and the extral>olation mthod would have to be used. 

Detectors were placed in the following positions, distances 

.being measured from the center of the sphere to the ceder of 

the detector; a BF3 cha&er at18 inches, Mn foil& in a re- 

entrant tube at 2 7/8 inches and '4 7/S inches, a SIIIU&~ U235 

fission chamber at 2 718 inches. Concentrationsof f&IO, 505, 

610, and 717 grams df U235 were used in the sphere. These 

detectors were the same ones used in the original appairch to 

critical measurements; their locations were also quite similar 

to those used at that time. This ms fortunate since the critic- 

al mass for water turned out to be about 1200 grams of U235. 

a long extrapolation. The similarity in these ctiryes to those 

obtained earlier gave some confidence in this long extrqdation. 

Following a suggestion of I&. Teller 63 tubalJ.oy discs (eithbr 

2.25 inchtm or 2.50 fnches 3n Ueter and 0.7 inches thick for ' 

a total of 50 kilogmus) were equa3ly spaced on a3pherical sG- 

face of 20 centtiter radius. Two conceAtr8tions of 610 and 

717 grams of $35 uem used. The results obtained by gom of 

the detectors uere rather 3ncunclusive probably due to the dis- 

tortion produced ivthe distribution #y tb slugs. In general .- 
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the data indicated very little if any gain. 

4 3-3 Des&n Consideraticns 0 

(1) Gene&. description. 

. The primary purpose of the high power water boiler *s to furnish 

a wefti tool for research purposes raquirirlg a large neutron 

flux. im enriched pile similar to the lcm power water 6oiler ' 

seemd ideal for such purposes due to its compact size and high 

attainable flux. 

A power of one kilowatt was seletced as the basis for the final 

design. This power was believed attainable with the limited 

amount of ,enriched mterial available at this time; the coolAng 

requirmzmts would -be siaple, the chanoe of trouble from froth- 

ing or large gas evolution due to electrolysis of the solution 

would be small, and a reasonably high flux of 5 x lC5 neutrcms 

Per 

The 

low 
T 

aquare'centirneter seconds was expected. 

general design of the reactor was influenced by that of the 

power boiler. Sam edifications were made, howeveq ix+ 

aependent of tkm new design features necessary for higher poa~er 

operation, The principal mdifkation was to elite the 

hydrostatic control and poor geometry storage systeq used for 

lop0 due to.$he expricnca gained in the behaviar of enriched 9 

Urdu0 ifi water solutions. 

The added design features rqaired for incremed power operatbn 

were mmemus: (I) A change of solution from Uranyl Sulphate to 

frapnts by a known method (ether eactrsction); (2) instzrlktion 

was made to pumit the extraction of fission 



of additional. ccmtrol rcb fur gm3ab.r flexfbility of oper&ion; 

through the spbrs to permit access tq the M@est neutmm fUuc 

for certain types of experimxits; (4) intr0dmt&on of water cool- 

ing and air flushing systems; (5) cw3tructZon of gaamaa ray snd 

neutron shields;. (6) the addition of a graphite thermalizing 

column; (7) use of 1/U inch instead of i/32 inch stainless steel . 

throughout as a prec@ion against possible imreas~ ~II corrosion 

when opemtinq at high power. 

The general m layout is shoan.in Figure 1% The arrangeonent is 

such so as to permit uobstmcted paths of at least 30 feet for 

neutron beams from the *heal column or ports leading to the 

reactor. Water, air md solution drain pipes are,in a shielded 

underground trench leading to the small chenistry Jab and de- 

contamination equipment. 

When the high power boiler nas planned, it was thought advisable 

. to have facilities available for decontaminatkq the solution. . 

This was believed necessary in case cur&tions should arise which 

would require the quick return of the material for other" pwposes, 

and ~II addition the length of time the boiler could run without. 

re@r&g decontamination was someprhat uncerttin. For these 

masons a small chemical laboratory was constructed with a fraction- 

ating tower and &her equipent necesqary for decontaminating the 

boiler solution which might have several thousand ~~~ Of 

activity. 

The ether extraction method BBS chosen for decontamixzation since . 

the method iuas well. known for purification of uranyl nitrab. The 

flow sheet for the . equfpiwnt is &own in Figye 2!& The debils 



Figure 19 

Bjqm Plant uyout 

2, qypo structure 

3. -Control RobIn 

4. Concrete, Rail 

5. Access Pit 

6, Buried Cmduit - 93 Long 

7. Storage Vault for SOUp 

8, , Ether Extraction Tcxwer 

9. Chemistry Laboratmy , 

PO. Conduit for,Air and Watw 

II!. Earth Barricade 

13. Silica Gel Driers 

14, Saran Bir Line - 1300 Long 

15. Valve System 

16, Access Cart Tracks 

0 Ic 

0 
/ to/ f 

/ 
- / 

/’ 
/ ’ 

/ 
/ 

/ 
\ ’ 



* I%- 56 

RECY 
ETHER 

I a..- 4 I LAIN Fl 

RINSE LkNE *,R AUX 
1 * AIR MAIN 1 t 

--- m-w -----e--m---------- 
r 

STAINLESS FLOOR PAN 

R VENT 

Figure 20 



Iv " 57 

of the equipent and method are given in r@fekek$ (36). .ard 

(3bl 
I,. Hehholte, 3. C. Nevermel, P., H, Tfktkins: High Pouer Water Boiler 
(sections on decontzuzination) U-394. ’ 

It now seems that such elaborate equipkmt msy not be needed 

for a water boiler since there has been no need for dkcontamir+ 

ation of the solution in over 2500 kilowatt hours of operation. 

This‘is due to the extremely low corrosior~ rate of the stainless 

steel conkainer and the large frmt%on of fission activity (an 

estited 30 ptzr cent) carried out by'the flushing air.(37) 
-_- __- _~ 

m 
- 

A. Golds&in, S. Katcoff: Sweeping of Gases from Homgenous Pila, I&,548. 

It was possible to get a rather good estimate of the 8c1otmt of 

U235 which would be recpired for the high power boiler from 

. simple wlculations based on measurements made ck~ lope, . 
hrious tamper measurements have been described (Secti& 4.2-3, 

(8b),) These showed that tjm most effective tampers were! Be0 or 

a composite %O core graphite shell. It eras point& out there, 

that beryllium is not an ideal tanper material for'cartain types 

of experiments due to its large f - n CIWSS section. The need of 

Be0 bricks for other high priorfty experia;ents goiq on in the 

laboratory, and-the amount of enriched mate&&L avaikbl~ lead 

to the choice of the ccqosite ixmper imesp8Cti~ of other 

consideratims. 

Nuxmrous other criticalrasasaw~nts uere made to assist in 

estimating the critji& mass required for m. Th8 effect 



of a l/32 inch thicker sphere wall was meahihd‘by fitting a 

spare heniaphewical spinntig araund the lopo sphere; the I 
effect of.th& cocUn,g pipe was esttited by placing a short 

section of the pipe at various posfiions in&de the sphere; 

a aimil.ar experimnt using reentrant tubes determfned the 

effect of the nglory hole", 

to hohi the boiler 

of these additional 

just critical gave 8 measure of th8 

IF f or each 8unple tested. The net se&t 

absorbers was determinedas 19 grams 

U235. (Thicker sphere 20 gr+m, cooling pipe 80 gmm; glory 

In E-king these estimates it was assumed that the effect of 

these absorbers was additive and that cme could dxtrapolate 

the effect of a @  sbsorber to one many tiwsdarger as was 

the case for khan cooLJnP coil. These assumptions are not 

necessarily tsue, but the results prwed to be quite accurat8. 

The conversion .from ura@ sulphate to urang'l nitsate should 

decrease the reactivity by about 3.4 per cant due to the larger 

sulphk). The abs&uta calibsation of lop0 (a&ion 4.2-3~) 

Of $35 . This meant that a change from sulphatk to nitrake was 

The teqmdure coqfficieat ahqald be about Ejroportio~ to he 

(Ssction 4.2~3(2).) 
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or a total Qf 770 grams. This inku3e consi8ted csf (1) 

70 grams for the change from sulph;tte to titrate, (2) 13. 

grams for changes in the sphere &n&w and (313 grams for 

the' tampr change and the faur chmber mator hdl@s to be 

used in the nm set up. 

The actual criticalmms would have been 773 puns had there 

been enough araterial with 14.6 per cent endchmnt. !Rm ’ 

estimates above are seen to be quite accurate and.indicate 

that the sepmate muafll;~F-tr;ents ooere additive. 

The origiml prediction was not this close due to the m- 

cerkinty e&sting at that time in the absu1ute caJ,ibmtion . 

of lop. Thialu&d toanurxiematimate bya factor of two 

in the effect of the chzuqe fra sy&hate to titrate. 

The available Lt.6 per cent mter%al amozmted to 767 gras, or, 

not quite enough to,go critic& An additional 102 gram of 

Ua5 then,procured had a 10.8 per c&t enrichment 80 that aft- 

ckitical with 806 grad. Recently, due to the ioss of’scme 

in Zha follming sections are .the follcxingt 

sih@Z of a core of m Wicks (2) supplemmted by a she&l of graphite (3). . 



. pierced 'by a hurizcmtal pipe (ng~.qt hole".) (5) to enable one to have access 

to the highest possible neutron flux. Between the tamper and ttse tknrml 

coluirm (6) is.8 Msxmth wall (7) which prcmided gamma .ray protection for the 

thermal columns A mtmmable cadmium curt@ (8) can be used as a shutter 

for thermal neutrons j,n the cokuma. The shield around the entire assembly 

consists of f4mhes of lead (9), l/32 inch of cadmftlm and 5 fedi of concrete 

(10) 0 

(1) Sphere assembly (l/l6 inch wall 

throughout U. joints epsed to solution or vapm have stain- 

less steel welda) 

(a) sphere - A one foot c&ameter stainless steel sphere cunta%ns the 

pdes to 3/& in& at the squator. The sphprt consists. of two' 

spun heaaispherw rdth a l$ inch IJ) tube we~ded&nto the top and L 
a 3/4 inch tube into the lowei hdspbrs, A 1 inch pipe is . . .* 
weLded hori;eontaUythm the sphere to permit irradiation ‘&t the 

not to p&s thrmgh'tie weld joking the~kmmisph~res. This 

#eld, the last to be done in the ass&My, .was mcde by flcmizg 

the narrow flared lips on the two kmispheres tog&h- with 
: 

an acetylene torch. * . A he&,un~atmosphere ~8 tikntained inside 

the sphere assembly. 

ive length of lfl izlches is wou@ in th8 forth . . . . .' 

sharps details of : 

ID ancg an effect- 



Figure 21 

qypo Sphere JlAm3ably 

Total Volume of Splaere P4700 cubic centimtsTs 

Volulas of 3/4 pipe 200 n n 

Total 14900 n n 

Vollm3 

Total 1223 ” n 

l!dinim Voltme Solution Requimd 13780 cubic centimtera 
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Figure 22 

Cooling Coil 
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of w&er tb0wh a 72 inch Lmgth of m@k a tube should &we 

ad-u&e cc&j& for opesatiax at 1 k%l&tt w&&r+@ approxit * . . 

mate rise of 30 degrees C above rocamtemperatu~ coo- water. 

~UCtSOysiS Of the Wdi8riZZ ths.SCbtiORIras: 'WtisdtQ pZ-- 

c&e 2 cubic centimeters per ~tcond of hydmgen and ogyga due 

tathe hcavyiaii?r.inp currents in th8 sphum. Teats.indicated 

that the cooling ufficiency of a coil n&&t be cut in half by 

bu'bble fornation throughout a mock solution. The coding tube 

was overdesipd to take care of this possibUity. The k&et 

dmtl& water pipes 8re arranged so thatthe coil 3ri.U drsin'trg 

grtdtyi A.w&er bucket in the outlet serves as an indicator 

to s&w that water is floowbg at jo cubic centimeters ptr second 

and also turiu3 the water cooling units on. These units 1Cmer 

the inlet water temperature at 5 degrees c and pa&t 6 iiilmtt . 

operation the year around. The water outlat flowa3 through a ' 

tank with several cxmpetm&s before leaving the shield. This 

pamdts the shmt li ve radioactivity of the water to dieSalt d 
. 

before the water gets tuthe autlut about '75 feet from the 

buildin& Sac F&gum 23 for cudming water layout. 

(c) Flushing air and lkvel indicator - Due to the a&uaive z@t- . 

held conc&tric to a 3/4 inchtxabc by 

by @ stBlq?A controllud guar; axypbOA 
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8d.. A revolutfon cotit- &ves the pointer positbz, #hjile . * I 

a new& light, reqhing a fraction of a micmampera, in Con- 

~umticm with an eleetmmic circuit indicates the liquid COR- U 
tact. The level can be read to .Ol Snc&es. Them concentric 

by asking the outur tube the e inlet and the central one the 

gas outlat leading directly to the test equi~ent. 

(d) Bubbler levti indicator - A 3/8 inch tube extends 4 centimeters 

down into the sphere and acts as *a xllidmm s01uti022 level in- 

dicator. If the tube is in the solution, the pressure changes 

produced by a small air flow through tha tube is amplified and 

can be mde audible or visible at the control panel. b meansof 

. 8 loud .spd~r and nson light. Top&t an easy escape for 

the bubbles azxi prevent possible frothing from electso1ysis as 

weu-as to mow adequate space for the expansion of the solution, 

the @m-k is not cumfietely fiued. A maxipBtm solution level *w 

of 3 centimeters from the top and a minimm of 4 centimeters 

froa; the top are used. 

(e) Temperature indicator - k copper constant& thernmcoulple in a 

3/16 fnch tube extends through the bubbler tube into the center 

of the spihere. Thtumocouples are connected also to irilat and 

gut&t rrster. These ttmpwatures are read &iructly on a panel 

meter. Couples &various tamp& point6 were found unnecessary 

for the power used. 

of the 14 inch upper sphem tube. This is cumected to a smll. 

chamber outside the boiler &ield uhich acts as a safety solution 

catcher. , The prerpence'of liquid in the amid &let l imm is &own 



lwgcd section of the tube acts as an.axplosri;;on" &top: ia+ase . 

the flushing air flow should stop and one of the contactors 

case a detonation. Beyond the aafet~.ckti$zex t'h~ 'C&P goes . . . ' , t . 

200 feet under ground to large silica gal wing ta&s which 

ca be reactivated by remote control. From the drier a 200 

foot copper tube extends undergmund and then an l800 foot 

Saran tub&takes the highly 'active gases a sufficieuzt dfstancc 

frum the b6ilding to rec2xe the radiation there toLess than 

.Ol R per 8 hour. The saran tube is strtmg between trees md 

fastmed about 15 feet above the ground. This simple -die& 

was possible due to the isolated iocati.oz2 of. the building. A 

considerable portion of the fissiun activity is carried out by 

the flushing air (about 15 R per hour a fck feet frorr the line 

while operating kt full pcmer), ~ous signs have therefore 

beer, placed along the line to warn people to stay at & safe 

(g) Drain tube and dump valve - The ori&xal.arrbnga& for dwnping 

solution to the &mists dscontamimtion eq@ment by means of 

a remotely. c0ntmlled Vab8, is show in Figure 23* Due to the 

formtion of a precipitate after 1OOQ kilowatt hours of operation 

the lower 3//4 imh tube znd valve becme ,plugged a& could not 

be used for draining the a&&m. 

Since the ezact cause of the precipitate was not known at that 

time, it 'was thought advisable to zwciuce any d&d space wharc 

reason the lower 3//4 inch piAm and drain vahe ~c)ra ~esmmci~ A 

. long l/8 inch stainless steel tube was installed to replace the ,** . 

3/4 inch tube. Tis tube runs hori?;ontaU.y from the b&t= of 
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tally up tihrq#‘tb shield. The acid andmater addition are 

IWW made by neazm of iUs tube and air can be bubbled through 

to insure better nixiiq. This latti: ~~~&q;~sm& been \ . 

found necessary, howevfir. 

(2) Tamper, Thmmal Column and Radiation Shied. 

(a> Tap- - The tamper, or refl4Bctor, consfsts of a 2i+ inch x 24 

inch x 27 inch Bso core nGxt to the sphere, surrounded by . 

graphite to fern a 60 inch x f& fsrich x 60 inch rsciangular 

parallelopiped, (Ffgwe 25). The &O blocks -8 those describeci 

&ova under lope, the gr@ite cunsl'sts of 4, 2, and 1 Pout long 

of 48.45 centimeters and 29.4 centheters respectively. (38) 

J. Hi&on, L. D. P, Ung: I&p. D&emi.mtion & Diffusion Length of C 
* Neutrons in B80, u&ao. 

-_- - -_~~ _ _ ~_ 

* Two stiety drip pwa were installed in the tamper to prewmt lo88 

of solution in case a leak should develop (Figwe 26 and 3). h 

.020 inch staizibas &d pan was placed between the &o and 

p;>hiteandalarge 3/16 inch lead pm is @Aced beneath tha en- 

Be& The t.hird 3.s specif%aUy shaped to &&end up to the sphere 
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Figure 243 
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(b) Tbmal column - Adjacetit to one side of the tamper fs a fi foot 

but normally extend to the carlmiun curtain. The largest port 

obtainable 6thout -complete mtnvdelfng of the thermal column is 

3r, inch x x inch &ending into the thermal column 4 feet. 

k cadmjum curtain e&ends across the therm1 cohum 4 feet from 

the front of the column. This curtain cm be raised or lowered 

by &I electric motor with gear reduction and ptiu system con- 

trolled either from the &ntrd room or from the end of the 

COlUmn. The curtain acts as EL shutter 

can be used for timing pwposes or to 

tent&y during changes in uxperimmtal 

(c) Radiation shield - In order to provide adeqmte physiological 

for thermal neutrons and 

reduce the neutron in- 

eqtipU8ntm 

protection and to reduce the ncutrcm and f-ray backgrounds to 

sufficieqtly low levels for experimental purposes a effactive 

radiation shield is essential. .This is accOmplished by a cm- 

bination of .caciaim, lead, concrete, and bismuth. 

AU. surfaces of the tamper and thermal. colurrm are covered with 

l/32 inch 0f ~adm-irun t0 &0p the theirnal .neu%rons. 'The cadlnliw 

is backed by at least 4 inches of Lead to reduce thu resulting 

J!r rays. The entire unit is then ezuilosd by 3 feet of concrete 

(accept at the end of the them& &o&m) to reduce the remaining 

graya and fast neutron h&&g8. The COZICZ'et8 is dl pcmrud 

mc&k for that above i&6 tamper &d 't'harkl column (Figure 28), . 
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set on rails to permit easy access to the tanper. The shield 

on top of the thermal colurm is in the fti?%rpf..tirge wsent 

blocks supported by the colurrm. Above the tamper the shield 

is supported by beans resting on a ledge povided by the con- 

erete side ualls. This portion of the sUeld was origu 

msde with a veryluw strength Cement mix and small concrete 

bldcs. Later, this was replaced by building bricks and sand. 

Botktypes of construction have been sati;sfactory and can be 

removed without much &fficulty if access to the sphere is 

necessaxyy from above. 

To give additional hay proteCtion in front of the thermal . 

column (where tfiere isonly graphite if work.is being done on 

the COG-) an 8 inch thick pier of bQmath is placed between 

the tamper ancj the the&d cobm. !I!bia remaltsina mibstmtial 

decrease 5.n the direct g mdiati~ from the sphere itself, witb- 

out a serious neutrOn loss. To make up fortha lack of cuncr+ 

in front ofthethermal colon the neutron and dray leakage is 

further reduced by adding a 1 inch layer of polytherm ad a 3/6 . 

the tUckma of the laadto 8 inches. l3ie G. M. counter back- 

ground~in front of the crslnrrrn when operatiqg at full power is *a 

only. twice that due to cosmic rays* 

parts 6pposite the sphere are shield* by 

. 

cbncrete am norma3ly 

inches of lead. The 

wuoden plugs and 4 inch 
. 

1-d doors to per&Lessy access to the "glory hole% Figures 
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(3) Control, shim and safety F&S. 

The reactifity of the b&w is 

cad&m rods operated from them~trc&robm; two control rods, . 

a shimrod,and a safetyrod. The latter aluays remains out 

during operation, It is used only to stop the .chain r&&ion 

M case the intensity should get too high. For additional 

safety the two control rods are designed with a release me&an- 

iszn so that they can be wad for safety as well as control. * 

These safety devices are necessary in casu the power is raised 

too rapidly. Under normal. operating conditions'the boiler is 

self-regulating due to the temper;itur0 effect; hcmeww, if the 

rods are pulled out too fast, without. a safesy device the heat 

* libested might be enough to vaporize the solution before the 

in&eased taarperabre had time to control the reactivity. The 

fastest period theoretically obtainable with the-boiler is 

approximtely .02 seconds. The rods are mounted vertically 80 

that those used for safety may fall freely when released. This 

elbinates the necessity of a fir'st me&w&al device *to push 

themin. 

The total. equivalence in grams of U= of the control and sti 



aluminum. Both halves of the tk~e sheaths can be seen In place 

in Figure a; abooe the iron platd the sheaths are bon. 

The to00 control rods tie identical. They mere made as light.as 

possible so that they could be operated directly by sefqms. 

Each rod is 113 hhes long and weighs 4 pcxmds. It con’sists 

(Figure 32) of two long strips of dwal 2 inches apart. The 

~OUW end of the gap between the strips is fi3led by 2+ sheet of 

~dmium (9 inches long, 2$ in&es tide and .G32 inch thiok] 

samdmiched between two similar sheets of dur& As shorn In 

cross-sect&n in the figure, each side of the cad&am sandw&& 

fits in a slot cut in Ibe corresponding dual strip. To I&XL- 

aise the total weight of the rods this slot &ends the full 

length of each strip. 

Rack and pinion devices am used to move the rods. The racks 

are 26 inches long nmnted at the top of eqch rod between 

dual strips. The pinion gear is nzounted directly on the 

s&if%. 

IA order that the rod act fast enough for safety, it mast be 

allowed to drop freely. Since it must also have a fairly 

the 

selsyn 

accumte 

position con&l a rather complicated meckmxi~ is necessary. 

This Is shown in Figures 33& 36- 

To z~llow the rod to drop frmly the p51150n gear (l), Fig~e "Ba 

musti be released from the selsyn, For this raason the pidon is 

CaupleGi to the SelsyA. Ji3 order to drop the rod the coapfing (2) 

.caaplhg is hal closed, against the for&e of two springs by a pusf; 
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A. C. solenoid (8). When the current tfimugh the solenoid 

in case of power failure. . 

It was originally planned to usu the old cpntrol rod fmm l~po 

for fine adjustment between precbtemLmd fairly large htwvafs 

of the new rods. III order to make these mdra more wefti the 

stationary intervals were reduced to a 1/16'inch in the final 

design with continuous motion between intervals possible for 

control purposes. The rods are held at any desired intervah by 

means of a ratchet (4) which engages in a tooth of a ratchet 

gear (3) fastened to the selsyn shaft. The gear has 48 teeth 

since one revolution of the pinion moves the rod 3 inches, the 

rod moves 346 inch ?er tooth.-. ‘The ratchet is e&ngaged or dis- 

engaged by a solenoid (5). If disengaged the rods can be roved 

by tum.ing the knob fasten& to the &aft of the selsyn in the 

control rota (Figure 351. In this way the dperator actually 

feels the areight of the rod. The~oeh~yns used are Navy jBPir& 

They are rated for 3.4 inch ounces'per degree, l.i.m~~ to 3C 

degree of phase lag. Since the radius of the pinion is & inch 

and the mds weigh 4 pounds aach, the control-room-selsyn lads 

the Typo aeisyn by 10 degxms$ or l-113 notches on thta ratchet. 

The position of the rods is indicated by a revolutPon counter 

Each number in the first digit repres~~tss one notch.on the 

Ihmi~~operM.cm .of the'bviler the new rods r&her than the old . . 





con'&d rud have been found to.be the most convenient contr& 

This latter rod is therefore ca3JA.a shim md. One rodis 

usuallg left out in acme fixed position. The other can be used 

fos either man&l or ai&olsaCic~ &ntrol. - 

The tirctit fqthe coqtrol.roti is shown in Figme 36. The rod 

is cimyped bs' cuti&& -the. Act.6 the co@ing solenccid. . . This 0ay 

be done in severzlways: by the safety tripping circuit which 

bypasses the ACthmu@ a'tbyratmn, by a manual switch, or by 

the ticro-switch (11, which activates the holding relay (3) 

thereby cutting the AC until the ml&y is reset. 

(1) is used to prevent damage to the &hanis~ If the rod is 

raised too high for am@.e by the autcnatic control it contacts 

i&is switch ad is automatically dropped. Switch (2) is a 

S.PJ.T. micro-switch ind2ca~3g by lQhts (6.) and (7) whet&r 

the rodisinornot. , 

In order to be able to rqnwduce positions of'the rod it is 

essedAal that the pinion coupling be reengaged 5x1 the same . 

relative .position to tha ratchetmresy ttie after the rod is 

dropped. .Anasymetrictoothin the coupling juintlimitsthe 

04pger;lent to or& position ti each revolution. !l!!he mechanism 

is so arkaged that the coupling solenoids can not be acti.v&ek .* . 

unless .the posfti= indic8t0r in the coritrdl roamrsads GOD.', 

on’.the two gears- (1) and (2). Uf% up t&a pivoted um (3) at each . . . 

s&e time, when this occuF8 .wyB +Ht is ufted '0z3ough to operate 
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switch (5) resets the tkyratron ,.safg*,y circuit.. ,J!he safety a . 

circuit ia reset,,huwever, only if the in&c&a& of both 

rods read 000. This is accoqlished by requiring that the 

~ZWT-O parallel mimeswitches, one from each rod, simulbneoush L 

open the plate supply of t2m fired thyratron Figure 37. 

Air brakes shown in Figure 32 are used for the control and 

safety rods. hro small dural ~Wts (1) fastened to the top 

of the rods hit a piston (2) held up by a spring (3) in a 

cylinder.(4). The brakes operate over the last 4 inches of 

tram la 

Shim rod: A detailed dsscriptiun of this old cozltrol rod (Fig- 

ure 39) nay be found in 4.2-l(c) above under low puww boiler. - 

It was adapted to ths hype fron tbe hw puwr boiler by extending 

thwsorew shaft and outer case. 

The motion is controlled by a Imob from a ceater-tapped 200 volt . 

variac cm'tb control panel. The cimuit is shorn in Figure 40. . 

A reversing mitch Is connected to the lmab in such a way that 

turning the knob clockuuise raises tha rod, counter clodwise 

lm3rs it. This rod is now raainly used for changing the aperat- 

ing range of the boiler and. sdd'on for control purposes and hence 

is now ca'lled the shirk rod. 

Safety rod: The safety is shmvn schematically in Ffgure 41. It 

fs identical fn construction to the 4x0 COXL~IV~ rdse Tb c*Cdt 

diagram is shown in Figure 4% 

During operation the safety rod is held "outn by an AC solenoid 

tb COT$ of ths solenoid being attached to the rod.. & inter- 

ruption of the current in tha magnet brought about manually or 

by any of the safety circuits allm& the rod to fall freely. 
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Figura 38 
New safety chas8is circuit 

A Safety Bad Solenoid 

B Safety Rod Push Buttan Down 

C 

D 

E Control Rod Puwer 

F Safety Rod Up (Gme~ Light) 

G  Safety Rod Pus'n Button Up 

H Ground 

I Auto Control Power Relay 

J  Safety Rod Doam (Red Light) 

1 control Rod P-r. *1 
2 control Rod Solenoids Bz 
3 Galv. Short Relay 

4 Gab. Short Relay 

5 Rod Reset 3ilechaniam 

6 Ground 

Safetgaod Drop Relay 

Control Rod Drop Relay 
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As sham in PQums Q aad 37 the soilnoid coL1 is in series 

with the contacts of nor&y open D. C. ,rel.~y and ticro-switch. 

The relay is operated by Ahe safety tripping circtit. The ticm- 

switch closes when the soLemid is ti contact with the safety 

rod, i. e., ody whkn%hs wl.emid core is in place. Without . . 

such a device, if the safety tripping circuit were reset after 

the rod had been drqped, the solenoid notid burn up. 

The solenoid is r;;ised cr lowered by a geared AC motor nounted 

OR the superstructure of the me. Limit mitches stop tks 

motor when the magnet reaches eitbier its top or bottom positions, 

ks shown in Figure U they are operated by a pivoted am; which 

follows the thread of the cable dmxz. Two switches operate 

LndLcator lights on the control panel, one to si~ow when the 

5iagnet is up, the other to show when the rod is duwr!. 

ti Figme &j one can see the two control selsyns (the automatic 

control g-r box attached to the left hand one), the contml rod 

mechanism supended from $he upper iron plate and the safety md 

mechaism on top. The level indic&or with its sclsyn ar,d the 

water inlet are also &early visible. 

(4) Detectors md Indic;;tors 

The devicesuvhich i&icate neutron flux frw the .hpozre acti- .s 4 

v;Lted by two kinds of ioniqation chambers - BF 235 
3 

and U l 

The most iqortant and useful detecting systa is that of the 

galvanometers. These give a continuous reading,.ver;r sensitive 

to changes in, and proportional to, the neutron flux. The 

sensitivity to very sm3.l variations in power is increased many- 

fold by using a nuil m&hod with a high-sensitivity galvammet8r. 

This galvamzmter, on full. or .l sensitivity, is kept near its 

zero psition by a &igM; ~6&m&. motion of the &&c r&s by 
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an operator or the bu%omati.c control. 

Figuzm&& shaws the two galvanometers in series, supplied 

by a larga I?35c~ted ionization chamber which till be de- 

scribed later. The chamber, which for normal operation is 

pulled out to th8 edgqof the taa?erp is in a M.gh enough 

flux SO that the ionization current is of the order O? 

5 x l&j amperes per kilowatt and the first galvanometer, uhf& 

is deflect& by thea total cur&nt., must be skxmted to 3-/looci 

of its maxima sensitivity for any peers over 1 kil.owat%, 

(see &.3-j(5) for planned modification). This, of murse, 

n&es it insensitive to changes of evez several percent. All 

of this iotiz&ion current goes through the differentially' 

comected galvaxxmeter also, but its spot is kept on scabs 

by zm equal and opposite current, This current is supplied 

by a cont%nt;otisly variab3.e ~urce of enf obtatied from a 

yotentiorueter, applied thrcugh a resister of the proper *value. 

The deflect&J sensitivity of the .diff arentS. galvvammetes 

is 5 x 105 tillimeters per kilowatt, so. by the null method, 

a chmge ofxeutron density of one pati in five-hundred thousand 

is detectable at this pmver and one part ~II fifty thouand 

controllable. This sensitivity, however, is propwtionzl to 

the power of operation and is therefore less at Pow powers. 

k protecting relay system has been installed to shmt out the 

diff erentiti g2lVanCmeter au%-tically if any oE the con- 

trolling rods should dmp unexpecteci3.y (Figure&S).. 

Since the cizuber is orLy ahuut 45 centimeters r"rcm the sphere, 

iorxization due to the gm-activity. Gf the'accumlated fission 

fragments was expected to produce a variable and appreciable 

background. This h&s been fowd to be negligible. 
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It was desirable to eiir;inate ion-producing processes uhicl~ 

result from pst kistory of the, boi2er, or from the total 

(nv)t hming pa%@&-t~o@r32m ionization chmber. This 

zm.nt using a con&m&ion materid for the chaaber,which . 

gave vwy little. residual activity after a strong bombard- 

ment. It had been found at Chicago that if ordinary %lacP 

or coid rolled ison were used, practical the only activity 

present was due to MI im?u?ities. So the cbber Figure 46, 

is built entirely of this uterial. 

The &amber was designed uith paralleled plates connected as 

shown twpermit rather large swr"ace ama in 

volume so that the large ionization currents 

sensitivity could be obtained. Anothei- type 

a convenient 

used to replace the El? 3 cUea is shown in 

The chamber, Figure 66, contatis a total of 184 rcilligrams of 

u 235 0 Xl. @Labs excefl those on the ends are coated on both 

sides, The coating is the residue left after heating the 

origin&L 353 ihiUigra;rs of 63.1 per’ cer,t enriched U308 put on .- 

in the forra of nitrate with a zqxm binder, 

The small $35 chamber which has been used to determine the 

linearity of tkle g&mmmter systen? is usad to integrate tha 

total-power. This is accotnpiished by setting the discriminator 

of a scaler to a value IM& tili give sane predetermined 

number of counts fur a kiloooatt-minute of operation. TfiiS 

system, recorded on amd$fiedmechanic~ wunterthrougfia d 
scafe of, 256, iS never turned off, and is rmd at the control 

paId at the be&iIUdng -and end of each run. 'Ihis cha@bW ahO 
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rod-drqping circuit. (Volume I, Chapter 1). 

This .U235 chamber consists of an &mk~tmli f&l in the form 

of a cylinder 1 incja 3.011; by 5/8 inch diameter, coated with 

, 
a thin 3ayer of 63.1per cent enri@md U. There are I.15 . '. 

milligra3w of U30G, m&&ii ;~3’z&ipnis of U235,,,d a . 

consequent cross-sect&~ of roughly .85 x 101 3 aqr;are centi- 

meters. The cImniber is connected to the preamp by a 3/i+ inch 

0. D. T&foot dural tube. Both chanber and tube contain argon 

at about 20 pounds per S.JUUX! inch (absolute), The &gna.l lead, 

a O&A3 irch piam wire, connects the cha&e~ to a Sands Model 

101 preamp ad lG0 mplffier. See Volusm I, Chapter 1 of Lo8 

AixlcAher midget iJ235 chber can be used for flux measurements 

in the thermal colwnn or as a fixed monitor, It was made by 

coating $35 on a pl&imm f&U uhkh was then rolled into a 

cylinder and sealed into a glzss tube. The tube vras filled 

't0.a pressure of one ~~~~phsre with Poe argon and seaed 

o.Zf. k photograph of thb ty$e of'c&mbes is shown in Figure 

50 (5 The chamber is mounted at one end of a 7/S inch 0. D. 

ahuhu tube 8 feet long so that it cxm be placed in the 

kiddie of the them& coluan through one of the small side 

ports shcwc. in Fisres 2% and 30; 

Figure 48 shms the power calibration curves for the large 

u235 @amber and the small integrating chamber. 

(5) Automatic pilot 

For vev accumte cmtrol of the neutron level almost contin- 

uous slight motion of the kontrolling rod is n~cessa]r~. An 

autm&tic control has been,rriade to relieve the oper;itor from 
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this rat.her fat@&=. &b 

Figure 5~ shcms a- schamat$c ‘layout of the Control. The 

system the from the large ~235 

44 which also supplies, the current for the control galvano- 

meters. T&e controf system consists of (.l), a power deter- 
‘. 

mining device (resistor in Figure 441, (2) a Wamplifik 

and ,&cer (Figure Is~),, (3) and AC am$lifier~@i~re a.=), 

and (4) a regulated poorer sup&~ 

The intqntiity level a& With the codmd opera4iis is detktr- G. 

mined by the off-balance voltage applied t6 the DC amplifier. 

The pj,lot then causss the intensity.to rise by pul&~ the 

shim rod out until the voltage developed acrum the impput 

resistor camels' the applied voltage. 

uations of the boiler nil3 cause the control to move'tha rod . 

in such a direction as to remove the unbalance. 

hy voltage chmge occurring across the %&put resistor is 

aniplified by the DC amplifier and applied to the mixtsr 05 cm- 

verb&i The mixer is'essmtially a linear gate circuit wtich 

d&.v8ra a 60 cycle output whose amplitude is pmporbionti 

to the amplitude of the DC and dose phase is determined by 

the polarity of the DC. The converLer output is fed to the . 

AC amppufier where it is built up until enough power is am%&- 

drives the contmlling rod rack a& piniom tkmgh a trzbof , 

gears with a safety release mechahism (Figure%)+ 

The u~kmh~c~ voltage is obtained by s stadard potediamettr . . 

to a few watts. The accur~cy'of, the dial calibration is aasur& 
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(6) safety devica8 

There are three independent d&actors which can be adjusted to 

drop the safety and control rods at ay predeterdmd neutron 

irrteneity Figure 45, !I!wo 0% these are BP3 ckmmbers connected to 

DC ampliilers Figure 49. The athar is 'the above mentioned spudI'= 

&amber and counting rate metar which includes a safety tripping 

flip-Plop circuit. The muasured overdl time required to drop the 

rod Is 0.42 seconds; this is arade 

to drop by gHwity, .OiQO 8ec0mis 

co~lponents (relay and solenoid). 

The safety CirCUit8 Figure 37 are 

up of .378 seconds for the rods 

from the Lag in the dectricd 

arranged with two bias batteriaa 

When the intensity gaes up to a predetermined value the nmmal 

safetv rod is released by firing 8 Myratron, IY the intensity 

should still continue up to a poht 50 per cent Mghar, another 

tfiyratron with its grid mr,re highly biased is fir@ and cautms 

both control r&s to drop. This system has been most satisfactoly; 

The safety rod only, OT b&h control and atiety rods, can d.so be w 

drop@ mamal3.y by snitches on the cmtrol paal. These switches 

are shun as %afetyfl and %qer-safetyff in Figure 3% The safety 

rod thyratron is automati&J.y reset by a condenser when the neutron 

intensity gets sufficiently low (Figme 37). A delay in reenergiL- 

ing the lif'ting solenoid has been cieacribed in the section abeme 

on the contmL rods, For the cozWo3. rods the t)lyratron continuee 

to conduct u&Al the plate lead is opened sitaeouslly by the 

two switches labe3.ed shti md reset (Figure 3T) m me&i-& &ov~, 

Recently a somewhat tiplified -f&y circuit u&w hard vacuum tuhcs 



has been used (Figure 38). 

I&wing the operation of the boUer, flushing air must almayap 

Xn addition, cooUng water my or may not be flowtig dqmMng 

on the power of spexxtion. Since it is always possible either 

inthe grid circuit of a tmtrun. This tIqmtson 1s fn paraXe 

with those or the safety motitar system, Wheqthe air is left off, 

or is not flming sufficiently to lfght the indicatcr, the tklyra- 

trcn is f;'ired which &UFS t.he stiety rod. The criterion in tha 

case of the f3.m. or mater is the tampertrture of the %m~p.fl Cwrerrk 

from a thermcxouplt in the "Soupa is put through 8 ga&mmmater, 

and the photo tube is placed in tkm piAh of the spot, so that uhcm 

a temperature exceeding 85 degrees is mackd the photo tuba *fi.res~ 

another thyratron again dmpp%ng the safety 1pod. 

In the we category of preventivd s&My detices, auw imluded 

time to prevent uutho+ized pemormal Prom tampering tith the 

contm~ mechazbmm operatine; the bofier. The power for tha 

operation of the mds is controlhd by a l&c.ing dtch, the 

key to which is wailab3.e c&y to authorfeed personnel. TO pm- 

vent the slemal raisbg of the~~dsroithout tisbg the control 

panel the rods h&w bean. ~closad in a small remmabl~ St&m8 

tiomrally kept locked. Ttrjls stmuzture is not shcmn fq pigprs & 
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(1) Approach ta criticdf 

A solution contahihg *appruximtely 56 gram of aZ35 per 

lit&was prepared and a system; arranged so th8t the solution 

could be added to the sphere in known V&UBS or$cvtions 

withdrawn for xixing, 

The mthod used was to run a #Saran~ tube to the b&tan of the 

sphere through the level indic&or tube. Then by mearm of a 

~acutun ~uiap part of the solution cdd be . 

graduate and knom qmtities of solution added and nixed be- 

reistd into 8 lax@ 

fore lowering it at0 the s*ere, More ccm~lete mW!ng with 

the soiutfon alreacij in the sphere was accomplished by raising 

and lowerkg 3ittrs ten times between the graduate and the 

sphere. 

Ccunts were taker with the detect- chmbers when approldrnately 

3, 6, 9, 10, II, and 12, liters of solution were in the @me. . . 

A plot of i&! e reciprocal of the counting ratexersus the mass 

of $35 in the sphere gaw an indLc&ion of the expected critical 

Aass. Six more smaller additions brought th& boiler to'critical 

with 808 grams of f4 per cent enriched. Uranium. It should be 

noted that all' these smiler additions as well as those for the 

rod slibration mentioned- below had to be done at constant volume 

in the sphere in order to have identical geometrical conditions. 

(2) Rod calibratiaa 

Fmm the rtactivfty equation for the water boiler described im 

42-3(4) above the rel&ion b&men reactivity or access K and 
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6rC = K - 1 = 1,219 91 

El + 177 - 
1 (See Figwt 54) 

relating the (BXC~SS reactivity of 6K to the total mass (m) 

of uz35 in the sphere. This equation has ~II =Lnittbl slope 

of 222 and a final slope of 196 i. e., tize effectiveness of 

one gram 6f $35 becomes less as material is added froai 

critic& to '%hc"f%&. amount of mo grams of U235, This shows 

thtzgreater meaningfulnass of a rextgvity unit as conpared to 

using grzms of u235 as a unit. The microra suggested by Fen15 

is used as a measure of reactivity. This unit was used in 

al3 calibration work, a ticrore being taken as K x 106. 

The apparent kx~s of ra&ctivity per grarrr of U235 with jlncreased 

concentration was observ& during the rod calibration since the 

effect of the rods appeared to change with equal additions of 

'u235 l This difficulty was ckorcome in the calibmtion simx 

there was a considerable region-over which ttm calibration curvy 

for each cod was linear. It was therefore possible to connect 

the early *uutfl position section of the calibration cuve to the 

later %IP position section by a shift until tk?d Unear portions 

coincided; i. e., the intercalibztion of &he rods was done by 

compting one md operating on the curved characteristic with 

the other working on the IAnem portion, as the U235 comer&a- 

tion was increased. 

(3) Temperature effect 

A deteminatioa of the temperature coefficient for the power 

boiler was tide over a wide sage. 

The taqmsatusa 04 t& acAUtion a8 a function of boiler pouer 

The results are shmun in 

coefficient of 262 micscm3 = 1.33 grsn; 

degree centigrade wasobt&.ned. 
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(4) Loss of nitrate ad mtsr 

ZIfter the hype !md mn for several htmdre&kiluwatt hcurs it 

was. obserimd that its reactivity had increased considerably, 

Cheaicczl analysis of the solution'indicated a 30 per cent de- 

ficit in the original nitrogen content. The uranyl nitrate 

was apparently gradually being converted i&o basic nitrate 

andkhe fret nitrate carried off in the flushing air. Labora- 

toxy tests Wcalxi that the solution mmld precipitate if the 

1~s of nitrcgan.exceeded 35'ptr cent. The addition of nitric 

acid formed the nwml titrate again when added tc the test 

solutfons. 

*At tMs time it seemed advisable to add some acid but maintain 

the nitrogen concerrtratio~ about 20 ,rwr cent lo~qr thm l+ha 

original value sfnce this permitted operation at higker,pcmer 

with the available material., 

FvGviQUS adations to the solution had ccnsbtad of distilled 

water to make up for that lost by eltctm&Ysis, 

The loss of nitrate nscess5tated additions of conccntrat;ed 

titric as well as uater in the ratio of about 2.8 water to acid. 

After 1000 kilowatt hours of operation as me~ticmed above a 

precipitate was fomed. 'The laboratory tests of 8 precipitate 

not bornoutwhen the material was under intensa frradiation and 

imperfect &cing existed3,mediately after additions were -de: 

The nitrogen concentration was then brought back to that for 

normal umnyl nitrate and no further precipitation has o&urn& 

to date (July 3.?&6) with an additional'2m kilowatt hotirs of 

operation, 

;;dditior,s now are in the ratio of 1.4 water to acid to maitain 



the mm& concentration of nitrogen. About 6 cubic cemtinteters 

of water and acid are required per kilowatt hour of opratioc. 

(5) Controls and operatbnal procecbe 

The control panel is showti in .Figure 58. The ptmel rack on the 

exkreae right contains the foflcming .units frm top tc botto=: 

(1) counting rate meter'wit;h &$&able neutron, level safety . 

tripper; (2) power integ.rator scale of 256 (both (1) aa3 (2) 

Operate fmm a sma~~55 o!w&er>~(3) ;‘on of trouble lights to 

indicate if rvnning conditions me right, i. e., air flow, mter 

flow, control rods out from zero position, cad&m curtain up, 

safety cat&m bucket eqty; (4) galvanomettr shunts and cadmiwb 

curtain motor control; (5) Ester-e-Aqps recorders of neutron 

level, one OXI BP3 safety monitor, the other on sPralfU235 clmzi~r 

The second rack contains (1) bubbler level indicator; (2) main 

* power lock safety tripping circuit, aP3 chamber intensity i&ten 

and safety rod ,raising switch; (3) galvanoceter acabs; (4) . 

. cuntrol rod selsyns, ratchet switches and reset lrie&aniam; (5) 

potentiometer for supplying gafvmometer bucking VoLtage. 

The third rack hi (1) water-and air-flow meters uith control 

valves; (2) light-indicating luw-water flow tith coolers off; 

(3) level indicakor S813yn ccntml 

rod position scale and raise-loooer 

temperature and power .meters. 

With 18Vd SCd8; (4) 8th 

variac co&rol; (5) sphere 

The fourth rack ca%ains (I.) clock;" (2) scale of 256 for monitolc 

The fifth rack contains (1) twelve-point tharn;occt;ple reccrder 

for sphere, tamper, inlet Gnd o~tlei water teqeraWras aad 





gas or other miioactiv~ty in the conWoL mm. 

Typical upcra~ing procedure is as fcdlows~m~ !?zss ck&er power 

integrator, solution 3.evei ati sphere are recmcied. Flushing air 

(j0 cubic centimeters per second) and @oolLq #star&8 gallons 

per tiutu) am turned on. The direc%r~ding galvanameter is 

set on m2bmm sensitAvit~. The desired deflection am3 bucks 

ml+age for the high senaititity cx nullgalvanonetar art read 

frm the available cume for-the particular pmsr at which ft is 

destrcd to Ann. The control and two shim rods are checked for 

“in positions. The safetg rod is raised. The cmtro3 rods are 

then slowly raised one at a time and the galvammeter deflection 

ObSWW3CL The position of the control rods for the boiler to 

start till depend on the initial temerature of the sphex-e. Be- 6 

cause of the variations in the background astiritp of the sul-hion, 

the rate of rise of the neutron flux depends OA the past rumbg 

Considerable caution is therefore ncceasaq 

when first, statii~, this is 'especially true *ati the mdtipli- 

cation rate is actually known frum the galvmomtw or countar. 

In order to dimbate this nbltid" se&m in starting, p&m3 bre 

meters per kilowatt. If the sutmtic amtrd is used, the bias 

voltage is adjust& for t'he desired power operation, and it will 

run one of t'r,e control rods to mintain constant potffer. In this 



With an inlet water teqerature of about 8 degrees C obtained 

by precoolfng and the 873 grams of U235 in the tmiier it is 

excess reactivity left to pa3cit ax;?artierkts with Asorbizg 

mterials neu the sphere nhen runnir,g st tSris pwer. 

The incr~se in power above that originally planned was -mssTile 

becmse of the overdesign in the cooling system znd t'ne absence 

of violent frothing or bubbling irr the sdutim. 

intensities in the.- tiLuiun. 
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with standard ipditi -foils.. 

The equation for the ffwr in the column frm tbe above data is 

nu/kw= .83 x IQ9 e z/29e4 

where 7_ is the distance from the cadmi.~~~ cutiaix~ ad the re- 

lamtion length is 29.4 centimeters. 

For nuner~ua experinents where a strong the-1 neutron beam 

was desired a cavity was m;ide in the thermal CO~URZI 24 3/k 

inches x 24 3/4 inches x 24 inches one foot from the otrteti emI. 

This gave a flux of 7 x 105 per kilowatt on a target one foot 

in front of the thez%al c&urm; the c@miua ratio using the 

cavity is LboutfJOO. 

to the boiler. 'Ilfiis exposes the end of the "glory hole" aA 

3 inch x 3 inch area of the sphere itself. The foilowing flux 

-surenmAs rrere made jast beyond the concrete shield* with 

various detectors to get some idea of the neutron energy dis- 

tribution. 



N 237 5 x lo6 
P 

Cd rztio with Indium foils 495 - 

liezsuremnts made 8 feet fro& the concrete showed a well. 

coilbted beam the same width as the apetiure in the cm- 

Crete, 

GamEa ray fnaasure;r; ents nade with the 3 inch x 3 inch area . 

of the sphere exposed gave an in',ensity of &out 3,GGO 

curies out of the 45 inch x i+& inch openixg in Shea concrete 

shield. These measure~ats were mde a sho,rt the after %a 

"glory hole!' with 1w43anese and gold wires. 

fluxes relative to that at the center of the sphere were 

obtained. 

Center sphere 3 

Edge sphere l 8 

aillxinBec l 85 

Outer edge graphite l 045  

1 

* 8 

4 84 

4 48 

l 036 

The fb~ at the center of the snhere in the glc;ry hole FS L 



(2) Steadiness of operatioti 

The water boiler irr ixzimxwtl,y not as steady in apsration arr 

the large graphste pilw. This is probably clue to the lsrgt 

whea operating at high pcwar, U the boiler rum itself afier 

of about .2 per cent when operating at 1 kilowatt. The intemity 

level can, howevtr, be maintained to .Oi per ce.A' or better when 

operating at 1 ktiowatt or over when the full sensitivity of the 

muWm of t!! control rods; the automatic control gives about 

the s&ne sccuracy as the be& hand conkrol. 

are dropped sirnultweously the neutron intensity ckcqs a factor 

of 6 within the first second and thea there ia a gradual decrease 

due to the dewed neaitrms aflci gammas from the fragmmt decay . 
rewting with the berlliu kx the tamper. Only a very sadl 

difference in the background activity was observed however be- 

tween xww where the boiler had been oper&ing for 9 kilm&+, 

hours bmdi&ely before and ORE where the boiler had no+, beea 

in operation for 48 ilOur~. TMs indicates th3t at least rough 

critical mtasurtments ccmld be made in 8pite OX the beryllium 

in the tamper. 
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2 and 3 of' Table 4.35 indicates negative corrosion. 

The od& features which ham given trcxible were (I) handling of the exkuust 

gases, (2) precipitation of the a&&ion when run pith too Pow & tiksogen concm- 

Krss for axanpfe, with a h&7 1Zfe of 2.6 minutes was swept out to the abent of 

30 per cezit. Some of the longer lived gases are ramved about 100 per cent. 'I%ese 

experiments seem to indicate that roughly 30 percent 02 the total fisabn frag- 

nent 'activity is c;irried out by the flushing zir, 

Nitric acid fumes arui the high mfstudm content in the solution reqyire 

the use of stainless &eel for the entire length OX the exhaust pipe unlem there 

silver solder and copper tubing for p&x of the txhausZ lfne mren though re- 

moved soorte 25 fest fro= the boiler atith a safety b&M betrem to catch any 

SSlUtiOA. 

Due to the high radfuactivity of *he gases it may be scmewhat diffictit to 

dispose of thez. In isolated awctiuns olc the cuuntrg such as ks Alam~s thsae 

csa be deased into the atmosphere if the distance is sufficient SO as to cause 

tiu G. 36. anmter dishrbance at the LaboratOry; this may require 3,QOO - 5,000 

feet of line OT a high stack if the air currents are suitab3.e. In congested 

mmmities the gas disposal. problem becanes awe serious, Possible othsr solutions 

might be the folbdng. 
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TABLE 4.. 3-5 . . . . 

soup Nov. 3, 19&i& 
BefoX’ Precipitate 

Aug. 8, 1945 after ay 27, 1946 
put back in boiler , Now 

ND < .05 

0 2 

20 

20 

< 1c 

1s 0 

lYD<20. 

2 

(Hkn~29) s (Deco 26) 125 

5 

2 

20 

4 3 

.09 

5 

m  > 0.1 

1 l 

100 

35 

20 

1W 

50 

500 

15 

7 

20 

I!iD 4 2 

200 

*ND ( .05 

1 

m<3 

>5 

15 

30 

3Go 

ND<3 

- loo 

50 

ND < 1, 

3 

15 

30 

MD < 1 

jo 

Ths hrge change in composition of the solution between columns 

1 and 2 is due to impurities picked up in the handling of the 

solution after the form&ion of the precipitates doscribad in the 



(2) 

(31 

sufficient 8pace for eqmsion is left. 

Large undergre>undtaalcsto store the gas+ This ia prob&bu 

notagoodmethocidm3to 

fllmuag. . 

Fseesing out most of the 

caminers. This method avoids the Xl8CeSdt~ of Storing the krrge 

z&rate concent~tioprc The prscipftation &i&l forrnedrpas SObbx8 in aftric 

acid. Iabora~orytests indicakedthat no pwpitate sknzld fern until the 

nitr&e was 30-35 per cent low, but this fime apparently is incorrect. mhan 

the sdution is under im&iatAoo and m&xx additions are Prade tith wily COA- 

vtcticm ctxmelzts for 6xing. For the last 2,000 kilcmatt hotasti 

been heid clase to the original value (53.5 arilgram of l!J per 



let bole. 


